Comparative
studies of the properties of glucose 6-phosphate dehydrogenases (G6PD) from a wide variety of animals have demonstrated that the enzymes possess quite similar kinetic properties; i.e., the Km values for glucose 6-phosphate (G6P) and nicotinamide adenine dinucleotide phosphate (NADP) fall within very narrow ranges of 1-6 x 10-5M and 3-10 x 10-6M, respectively, with only a few exceptions (Sado and Honi 1976; Ohnishi and Honi 1977) .
It is thought, however, that the enzyme has come to possess during evolution many amino acid substitutions which have no significant effect on the catalytic properties, and that such changes in the primary structure might be detectable at least partly by examining the immunological properties of the enzymes. It is also inferred that the rate of the changes might presumably be constant as in the case of other proteins, and that if so, the immunological relatedness of the enzymes would reflect the phyletic relatedness of the species from which the enzymes are taken.
Based on this assumption, the relative inhibition potencies of anti-crucian carp G6PD antisera against G6PD from various species of teleosts as well as G6PD from other vertebrates and invertebrates were examined in the present study. The results indicated that the immunological relatedness of teleosts expressed as the inhibition potencies of antibody against the enzymes is consistent with the phyletic relationships of teleosts depicted by Greenwood et al. (1966) .
MATERIALS AND METHODS
The animals used are listed in Table 1 . Hepatic G6PD of teleosts were prepared as follows: fresh livers were homogenized with 6 volumes of 0.25M sucrose and centrifuged at 7,000 x g for 15 min and then at 144,000 x g for 1 h. The supernatant was treated with ammonium sulfate and the 25-35% (w/v) fraction was dialyzed against 20 mM phosphate buffer containing 1 mM EDTA, pH 6.4.
Ray G6PD was prepared as follows : fresh livers were homogenized with 6 volumes of 0.25M sucrose and centrifuged at 7,000 x g for 15 min and then at 144,000 x g for 1 h. The precipitate was sonicated in the phosphate buffer and centrifuged at 10,000xg for G6PD of rat, toad, frog and lamprey were partially purified by the methods described previously (Honi and Sado 1974; Sado and Honi 1976) .
G6PD from crayfish, squid and ascarid were supplied by Mr. K. Ohnishi. The methods for partial purification of these enzymes are given in Ohnishi and Honi (1977) .
Sea urchin (ovaries), scallop (gills), earthworm, sipunculid (gonads and coelomic fluid) and planarian were homogenized with 20 mM phosphate buffer, pH 6.4 and centrifuged at 18,000xg for 20 min. The supernatant was treated with ammonium sulfate and the 25-35% (w/v) fraction (25% in the case of sipunculid) was dialyzed against the buffer and used as enzyme solution.
Yeast G6PD was isolated from dry yeast Saccharomyces cerevisiae by a similar procedure.
Crucian carp G6PD and hexose 6-phosphate dehydrogenase (H6PD) were purified according to the methods described previously (Sado and Honi 1976) .
For immunization, a mixture of 1 ml of crucian carp G6PD, 300 units, and 1 ml of Freund's complete adjuvant was injected intramuscularly into each of two rabbits. After 3, 4, 20, 22 and 60 weeks, the rabbits were given booster injections of the mixture and bled 1 week after the second and last booster injections.
Control sera were obtained from the same rabbits prior to immunization.
In order to concentrate antibodies, the antiserum (no. lb) obtained from Rabbit no. 1 61 weeks after the first injection was treated with ammonium sulfate at 40% saturation, and the precipitate was subjected to gel filtration on Ultrogel AcA 34 as follows : samples were placed on a 2.5 x 95 cm column and eluted with 20 mM phosphate buffer, pH 6.8 containing 1 mM EDTA and 0.1 M KC1 at a flow rate of 30 ml per hour. The fractions containing IgG were pooled, concentrated with ammonium sulfate at 40% saturation and dialyzed against the same buffer. Normal IgG fractions were also prepared by the same method. Immunodiffusion was performed by the Ouchterlony plate double-diffusion technique. The gel medium was a 1.5% agar in Tris-buffered saline, pH 7.5. Antiserum (no. 2) obtained from Rabbit no. 2 1 week after the second booster injection was used for this purpose. Development of precipitin lines was usually completed in 24 h at room temperature.
After 48 h washing with 20 mM phosphate buffer containing 1 mM EDTA and 0.1 M KCI, pH 6.8, the plates were stained for G6PD activity with the medium consisted of 70 mM Tris-HC1 buffer, pH 7.5, 1.2 mM G6P, 0.2 mM NADP, 0.3 mM nitro blue tetrazolium, and 0.07 mM phenazine methosulfate.
For determining the inhibition potencies of antibody against G6PD from various sources, a series of G6PD solution, approximately 6 milliunits, were mixed with increasing amounts of undiluted or diluted antisera and diluent (0.7 ml of Tris-HC1 buffer, I=0.1, pH 7.5, 50 pl of 12 mM NADP, water and normal serum) in a total volume of 0.95 ml. The mixture was allowed to stand for 20 min at 21°C and the reaction was initiated by adding 0.05 ml of 120 mM G6P. The rate of NADP reduction was recorded spectrophotometrically at 21°C. One unit of activity was defined as the amount of enzyme that reduced 1 pmol of NADP per min. The enzyme activity thus measured was plotted against amounts of antibody used and the relative inhibition potencies of antibody were calculated as described by Jokay and Toth (1966) and Schliselfeld et al. (1970) .
Polyacrylamide
gel electrophoresis was performed as described previously (Honi and Sado 1974) . Protein was assayed by the method of Lowry et al. (1951) .
G6P and NADP were obtained from Kyowa Hakko Kogyo Co., and Freund's adjuvant from Iatron Co.
RESULTS

Agar diffusion tests
Antisera to crucian carp G6PD formed three precipitin lines when tested against liver homogenates of crucian carp, and one of the three lines exhibited G6PD activity. Since the antigen preparation contained a small amount of contaminants (Sado and Honi 1976) , the present result indicating the heterogeneity of antisera was understandable.
However, the data were sufficient to demonstrate that the antisera contained antibody to G6PD and that the precipitated G6PD-antibody complexes were enzymatically active, though to a limited extent.
Single, enzymatically active precipitin lines were also observed with partially purified G6PD from carp, mud loach, rainbow trout, rockfish and eel, while G6PD from rat, toad, frog, lamprey, crayfish and sipunculid as well as crucian carp H6PD did not form any precipitin line.
Relative inhibition potencies of antibody
Figs. 1 and 2 illustrate neutralization curves obtained when increasing amounts of Neutralization curves of to crucian carp G6PD.
G6PD from teleosts with antiserum antisera were added to given amounts of G6PD from various sources. The loss of enzyme activity was proportional to the amount of antisera added in the antigen excess region.
From these curves, the relative inhibition potencies of antisera against G6PD from various animals were calculated, and expressed taking that against the specific antigen as 1.000. The results are given in Table 1 .
This technique appears to provide a sensitive and economical way of quantifying the immunological relatedness of heterologous enzymes and the immunological relatedness thus expressed appears to be in accordance with the evolutionary relationship of the species studied (Greenwood et al. 1966 ).
Among the three species belonging to Cyprinidae studied, the value for Cyprinus was highest. This is consistent with an intimate relationship between Carassius and Cyprinus as evidenced by their possible intergeneric hybridization. The values for the three species belonging to Cobitidae were smaller than those for Cyprinidae, and larger than that for catfish which belongs to Silurif ormes. This is consistent with the evolutionary relationships of the species belonging to Ostariophysi; divergence of Siluridae would probably have preceded that of Cyprinidae and Cobitidae.
Among other teleosts, Salmonif ormes are predicted to be most closely related to
Ostariophysi (Greenwood et al. 1966 ). In accordance with this prediction, the average curve for rockfish G6PD is given for comparison.
inver-
The inhibition potency of antibody against the three salmonif ormes was 0.19, which is smaller than the average for Cobitidae (0.38), but is higher than that for Clupeidae (0.11) and other teleosts. Among the salmonif ormes examined, rainbow trout and kokanee salmon are closely related (intergeneric hybids between some species belonging to Salmo and Oncorhynchus have been obtained, Suzuki and Fukuda 1971) . In this respect, smelt is remotely related. This is well reflected on the inhibition potency.
The values for other teleosts range from 0.04 to 0.14 with an average of 0.09. Since these species are so remotely related to crucian carp, the degree of remoteness in each case could not be inferred from the inhibition potencies.
The inhibition potencies against several vertebrate species other than teleosts were equally of the order of 10-4-10-3 (0.0008-0.0012), being about 1/100 the average (0.10) of Clupeomorpha, Acanthopterygii, Paracanthopterygii and Elopomorpha. No significant difference was found among the species studied.
Accordingly, it may be said that lamprey and rat are equally distant from crucian carp in this respect.
The inhibition potencies against several invertebrate species were smaller than those against vertebrates, and some species (ascarid and planarian) showed no reaction toward any antisera tested. Two different lots of antisera did not always give the same values. The difference of the values was particularly evident in invertebrate species; some reacted with one lot, but not with another.
In other cases, the results agreed well. It remains to be determined whether it is desirable in this sort of experiments to use a mixture of antisera obtained from several rabbits, or to use a particular lot of antisera.
The results obtained with serum no. lb indicated that repetition of booster injections is effective in producing a high titer of antiserum in some cases, and also in augmenting the sensitivity of this method; i.e., the enzymes from six invertebrate species did not react with serum no. la, but the enzymes from three out of the six species cross-reacted with serum no. lb.
For some unknown reason, an exceptionally high value was obtained for sipunculid with antiserum no. 2. Taking into account the negative result of agar diffusion test with sipunculid G6PD, this appears to indicate that the number of antigenic sites which are common to both sipunculid and crucian carp G6PD might be only a few as in the case of other invertebrate G6PD, but the antiserum happened to contain such a peculiar sort of antibody that its binding to the antigenic sites had an extraordinarily great allosteric effect on the catalytic site of sipunculid G6PD. In any case, the high value for sipunculid can not be regarded at this stage of knowledge as indicating the exceptionally close immunological relationship between sipunculid and crucian carp G6PD, Electrophoretic studies The enzymes from ascarid and planarian were not inhibited by any antiserum tested.
This does not necessarily mean, however, that the antisera would not react with those enzymes at all. It might be rather probable that they react, but the reaction does not affect the catalytic activity of antigen.
To test this probability, the antigen-antibody mixtures were subjected to disc electrophoresis which is useful for separating immunological products (Heideman 1964) . As a result, it has been demonstrated that antibody is able to bind to G6PD from the above two species, but the binding is without effect on the enzyme activity (Fig. 3) . This implies that all animal G6PD molecules examined might possess at least one antigenic determinant in common.
In contrast, yeast G6PD as well as crucian carp H6PD did not react with antibody at all.
DISCUSSION
The micro-complement fixation technique has been used the immunological relationships of related proteins (Sarich It is a simpler, more economical and sensitive method than extensively to determine and Wilson 1967a Wilson , 1967b Wilson 1971a, 1971b; Champion et al. 1974 ) . In addition, extensive studies on a related series of bird lysozymes of known amino acid sequence have showed that the immunological distance measured by micro-complement fixation technique correlates approximately linearly to the percent sequence difference, and that the relationship is y ~ 5x, where y is immunological distance and x is percent sequence difference, provided that x does not exceed 40% Wilson 1971a, 1971b; Prager et al. 1972 Prager et al. , 1974a Prager et al. , 1974b Jolles et al. 1976 ). This relation holds also for another related series of bacterial azurins (Champion et al. 1975) , and probably for other naturally occurring, isof unctional, globular, monomeric proteins whose sequences differ greatly from that of any rabbit proteins.
Immunological comparisons by assaying the remaining activity after contact with antisera have been made with numerous enzymes from a wide variety of species, but no attempt has so far been made to correlate the immunological relatedness thus measured and the evolutionary relationships of the species.
In this connection, the present method appears to provide a valuable way of comparing related antigens from a taxonomical standpoint of view.
The method used in the present studies is far more economical and simpler than the micro-complement fixation technique. The materials to be prepared beforehand are only homologous and heterologous antigens and antisera.
In addition, the antigen used for immunization need not be a highly pure preparation, and its sensitivity appears to be reasonably high as evidenced by the present finding that the immunological relatedness expressed as the inhibition potencies of antiserum neatly correlates to the phylogenetical relationships as far as the teleosts examined are concerned. It is left for future studies, however, to examine whether the present method is sensitive enough to determine the degree of sequence difference between related antigens.
It has been known that enzymes are deformed during combination with antibody (Najjar and Fisher 1956; Elodi and Szabolcsi 1959; Samuels 1963) . It seems to be the result of such conformational changes that the catalytic activity of enzyme is modified by antibody irrespective of whether the modification is inhibitory or stimulative ("steric hindrance" can not explain the stimulation of enzyme activity reported with several enzymes).
The degree of the conformational changes may depend on the degree of homology of antigen when antibody is tested against various antigens.
The greater the sequence resemblance between the antigens, the stronger would be the inhibition of their enzymatic activity.
The inhibition potencies against teleosts were about 100 times as great as those against any other vertebrate.
It seems, therefore, that the method is sensitive enough to detect the big evolutionary gap between teleosts and other vertebrates as well as that between teleosts and invertebrates, but it is not sensitive enough to discriminate the difference among vertebrates other than teleosts as well as the difference among invertebrates.
The incapability of antibody to inhibit the enzyme activity of a given heterologous antigen does not necessarily mean the absence of immunological cross-reactivity. This was manifested by the electrophoretic studies of the antigen-antibody mixture.
It was thus demonstrated that G6PD from a wide variety of animals ranging planarians to rats share at least one antigenic determinant in common. The catalytic properties of this enzyme are strictly conservative as revealed by our previous studies; i.e., the Km values for G6P and NADP of the enzymes examined in this study fall within narrow ranges of 1-6 X 10-5M and 3-10 X 10-6M, respectively. The values of yeast G6PD also fall within the same ranges (Table 2) .
In other words, antigenic properties of this enzyme varied during animal evolution to such an extent as to permit to use the degree of the variations as a measure of the evolutionary relationship of the enzymes, but not to such an extent as to lose all of the common antigenic determinants.
This holds, however, only for animal enzymes. Yeast G6PD showed no demonstrable immunological similarity to crucian carp G6PD. H6PD differs from G6PD in kinetics, immunological properties and chromatographic behavior (Srivastava et at. 1972; Honi et at. 1975; Beutler and Morrison 1967; Ohnishi and Honi 1977) . It has been predicted, however, that the two enzymes share a common ancester since the physiological substrates of these enzymes appear to be the same, and that the time of divergence might be near the beginning of or before echinoderm evolution Honi 1973, 1976) . Although the results of the present study failed to show any immunological relatedness of crucian carp G6PD and H6PD, this does not necessarily invalidate the above prediction.
Further attempt to find immunological similarity between G6PD and H6PD are now in progress using starfish enzymes as material. The results demonstrated that the immunological relatedness of teleosts expressed as the relative inhibition potencies of antibody against the enzymes is consistent with the phyletic relationships of teleosts depicted by Greenwood et al. (1966) ; i.e., the inhibition potencies were: carp, 0.78; dace, 0.69; loaches, 0.38; three species of salmoniformes, 0.19; eels 0.08.
The inhibition potencies of vertebrates other than teleosts and of invertebrates ranged from 0.0008 to 0.0012, and 0 to 0.0004, respectively.
Ascarid and planarian enzymes were not inhibited by any antiserum tested. Electrophoretic examination of the mixture of these enzymes and antiboby revealed, however, that the enzymes do possess at least one antigenic determinant common to crucian carp enzyme.
No immunological similarity was found between yeast and crucian carp glucose 6-phosphate dehydrogenases and between glucose 6-phosphate dehydrogenase and hexose 6-phosphate dehydrogenase of crucian carp. 
